ABSTRACT Addition of biologically active phorbol esters to intact quiescent I3T mouse cells stimulates an extremely rapid (detectable within seconds) phosphorylation of a Mr 80,000 cellular protein (termed "80k"). Phorbol 12,13-dibutyrate enhances 80k phosphorylation in a dose-dependent manner; half-maximal effect is obtained at 32 nM. The possibility that this phosphorylation is related to the activation of Ca'+-activated phospholipid-dependent protein kinase is suggested by the fact that phospholipid breakdown induced by exogenous treatment of the cells with phospholipase C from Clostridium perfrngen8 or with platelet-derived growth factor, which is a potent activator of endogenous phospholipase C activity, also causes a rapid enhancement of 80k phosphorylation. Moreover, prolonged pretreatment of the cells with phorbol 12,13-dibutyrate, which leads to a marked decrease in the number of specific phorbol ester binding sites, prevents the phosphorylation of 80k stimulated by phorbol esters, phospholipase C, and platelet-derived growth factor. These findings provide evidence obtained with intact cells that implicate the stimulation of Ca2'-activated phospholipid-dependent protein kinase in the action of phorbol esters and other growth factors.
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Tumor promoters are compounds that, although not carcinogenic by themselves, increase the incidence of tumors when applied repeatedly to animals that have received a subthreshold dose of a carcinogen (1) . Their mechanism of action is of considerable interest, with attention focusing on their biological effects in various types of cultured cells. In confluent and quiescent mouse 3T3 cells, biologically active phorbol esters bind to a single class of high-affinity sites (2, 3) and rapidly stimulate ion fluxes (4), enhance nucleoside and hexose uptake (5, 6) , decrease the affinity of the surface receptors for epidermal growth factor (7) (8) (9) , induce ornithine decarboxylase activity (10) , and subsequently stimulate reinitiation of DNA synthesis when added with other mitogens in serum-free medium (2, 3, 10, 11) . Although tumor promoters and hormonal peptides such as vasopressin (12) and bombesin (13) share pathways of action (3, 10, 13) , the mechanism whereby occupancy of the phorbol ester receptors leads to the elicitation of their biological responses remains unknown and of considerable importance to gain insight into the molecular events leading to tumor promotion.
A type of cyclic nucleotide-independent protein kinase has been discovered that is activated by association with membrane phospholipid& in the presence of Ca2+ (14, 15) ; the activity of the-membrane-associated enzyme is potently stimulated by unsaturated diacylglycerol (16) . Recently, several reports indicate that biologically active phorbol esters can substitute. for diacylglycerol in stimulating the partially purified enzyme incubated in the presence of phospholipids (17) (18) (19) (20) . Similar observations were made with extracts prepared from Swiss 3T3 cells (our unpublished results). Whether or not these observations in vitro are relevant to the mechanism whereby phorbol esters modulate cell proliferation in the intact cells remains difficult to assess because Ca2"-activated phospholipid-dependent protein kInase interacts not only with, phorbol esters but also with a variety of hydrophobic drugs added directly to the assay mixture (21, 22) and because little attention has been given to the early effects of phorbol esters on protein phosphorylation in intact, responsive cells. For these reasons, we focused our analysis on phorbol esters and protein phosphorylation in-intact cells. Here we report that addition of biologically active phorbol esters to intact mouse and rat quiescent cells stimulates an extremely rapid (detectable within seconds) phosphorylation of a Mr 80,000 cellular protein (termed "80k"). We present evidence that supports the possibility that this phosphorylation reflects the activation of the Ca2e-sensitive phospholipid-dependent protein kinase in intact fibroblastic cells.
MATERIALS AND METHODS Cell Culture. Swiss 3T3 cells (23) were maintained and grown to confluency in 33-mm Nunc Petri dishes as described (10, 13, 24 NaDodSO4/Polyacrylamide Gel Electrophoresis. Slab gel electrophoresis was performed using a 5-15% acrylamide gradient and 0.1% NaDodSO4 by the method of Laemmli (25) . After electrophoresis the slabs were stained with Coomassie brilliant Abbreviations: 80k, Mr 80,000 protein; PBt2, phorbol 12,13-dibutyrate; PDGF, platelet-derived growth factor.
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After developing, autoradiograms were scanned with a JoyceLoebl double-beam densitometer and the incorporation of 32P, into a specific protein band was quantitated by measuring-the peak area (Hewlett-Packard digitizer) above background in densitometry tracings. In order to correct for small changes in the total isotope present in each sample, the peak area was divided by the sum of the areas of other peaks not affectedby the test agents. The result of this division is taken as the 3P incorporated expressed in arbitrary units and the values. are presented as percent of the control.
Materials. Phorbol 12,13-dibutyrate (PBt), phospholipase C from Clostridium perfringens (type XII), phospholipase Dfrom peanut (type III), phospholipase A2 from bee venom or from porcine pancreas, and bovine insulin were from Sigma. Platelet-derived growth factor (PDGF) was partially purified (700-fold) by Sulfadex (sulfated Sephadex G-50) gel chromatography and heating and kindly supplied by P. Stroobant. Carrier-free 'PO4 was from the Radiochemical Centre.
RESULTS

Phorbol Esters Stimulate Phosphorylation of a Mr 80,000
Protein. Quiescent cultures of Swiss 313 cells were labeled with 'Pi in Dulbecco's modified Eagle's medium without Pi for 3 hr and then some of the cultures received PBt2 at 200 nM for 60 sec. The pattern of phosphorylated proteins was examined on NaDodSO4/polyacrylamide slab-gel electrophoresis and the protein bands containing 'Pi were revealed by autoradiography of the stained dried gel. Fig. 1A shows that addition of PBt2 markedly increased the phosphorylation of a band migrating with an apparent molecular weight of 80,000 (80k). Integration of densitometer tracings of the autoradiograph shown in Fig. 1A reveals that the phosphorylation of 80k is markedly enhanced (Fig. 1B) . In seven independent experiments performed as described in Fig. 1 , addition of PBt2 resulted in a 3.86 + 0.21-fold (mean ± SEM) increased phosphorylation of 80k. The increased phosphorylation of 80k caused by PBt2-is not due to changes. in the specific activity. of the cellular ATP pool because most phosphoproteins show no change after PBt2 Fig. 3 , phosphorylated 80k is readily extracted by a buffer containing 0.5% Triton X-100. This result suggests that 80k is a membrane or cytosolic protein rather than part of the detergent-resistant cytoskeleton (27, 28) .
The rapid stimulation of 80k phosphorylation is not confined to Swiss 3M3 cells. Addition of PBt2 to quiescent cultures of mouse embryo fibroblasts (second passage) or of rat-1 cells labeled with 'Pi caused a rapid stimulation of a protein band migrating with an apparent molecular weight of 80,000 (Fig. 4) . PDGF dogenous phospholipase C (16, 17) . To determine whether 80k phosphorylation is related to the activation of this protein kinase in intact 3T3 cells, we tested whether agents known to induce breakdown of cellular phospholipids and to generate diacylglycerol in the membrane also stimulate 80k phosphorylation. Recently, PDGF (29) has been shown to be a potent activator of endogenous phospholipase C (30, 31) , and activation leads to a marked increase in diacylglycerol in 3T3 cells (31) . As shown in Fig. 5 era toxin (35) , did not affect 80k phosphorylation.
A different approach to test, further a relationship between diacylglycerol generation and 80k phosphorylation (which is not dependent upon receptor-mediated phospholipid breakdown) is provided by the use of exogenous phospholipase C from C. perfringens, which causes a rapid degradation of phosphatidylcholine and increases the content of diacylglycerol in the membrane of cultured cells (36, 37 Fig. 6 show-that treatment of 3T3 cells with phospholipase C from C. perfringens (0.5 and 1 unit/ml) stimulated 32P, incorporation into 80k in a dose-dependent manner. We found that phospholipase C enhances 80k phosphorylation. in a time-dependent manner; maximal effect was observed after a 5-min incubation. In con- (2, 3, 38) , not only prevents the enhancement of 80k phosphorylation induced by this ligand but also blocks the effect of the other treatments that enhance 80k phosphorylation. For example, exposure of intact cells to phospholipase C, which causes direct hydrolysis of phosphatidylcholine and generates diacylglycerol in the membrane (32, 33) , rapidly enhances 80k phosphorylation, whereas other phospholipases (A2 or D) were not effective. Further, receptor-mediated phospholipid breakdown and increase of diacylglycerol as potently produced by PDGF in Swiss 3T3 cells (31) also cause a marked enhancement of 80k phosphorylation. In addition, preliminary results indicate that other mitogenic peptides such as vasopressin (12) and bombesin (13) , which share with phorbol esters a pathway(s) for eliciting mitogenesis (10, 13) , also enhance 80k phosphorylation (unpublished results). In contrast, other mitogenic ligands, including EGF, insulin, and cAMP-increasing agents, which do not induce phospholipid breakdown in 3T3 cells, fail to enhance 80k phosphorylation. That tumor promoters, growth factors that activate endogenous phospholipase C, or exogenous phospholipase C enhance 80k phosphorylation suggests that these chemically diverse agents interact with a common effector system. In line with this conclusion, prolonged treatment of 3T3 cells with PBt2, which induces down-modulation of PBt2 receptors, not only prevents the enhancement of 80k phosphorylation brought about by this ligand but also blocks the increase in 80k phosphorylation induced by treatment with phospholipase C (which causes direct breakdown of phospholipids) or by addition of PDGF, which interacts with a receptor (40) (41) (42) separate from the phorbol ester receptor (3) and activates an endogenous phospholipase C (31). These findings are consistent Cell Biology: Rozengurt et al. 7248 Cell Biology: Rozengurt et al. with the possibility that 80k phosphorylation in intact 3T3 cells may result from the activation in vivo of Ca2+-activated phospholipid-dependent protein kinase.
Homogeneous Ca "-activated phospholipid-dependent protein kinase from rat brain migrates in NaDodSO4 gels as if its molecular weight were 82,000 and becomes autophosphorylated when fully activated (43) . In view of the molecular weight, the rapidity of the phosphorylation, and the subcellular distribution, it is tempting to speculate that 80k phosphorylation represents the self-phosphorylation of the enzyme when it is activated by phorbol esters or by phospholipid turnover in intact quiescent cells, a proposition that warrants further experimental work.
We suggested that the tumor promoter phorbol esters modulate mitogenesis in fibroblastic cells through pathways that converge with those utilized by other hormones and growth factors (3, 10, 13) . Taken together with recent reports on in vitro studies (refs. [14] [15] [16] [17] and unpublished results), our findings with intact fibroblastic cells suggest that the Ca2+-activated phospholipid-dependent protein kinase could represent a point of convergence in the action of a variety of mitogenic ligands, a proposition of considerable importance for elucidating which physiologically occurring molecules could drive tumor promotion in vivo.
